The effectiveness of shallow groundwater areas to serve as a sink for NO3 is affected by many biological and physical properties. However, the direct impact of these properties on the fate of NO3 in shallow groundwater is not well understood, especially where the soils are intermittently saturated. This study was conducted to assess in situ reaction and transport of NOa-N in an intermittent shallow groundwater system. Tracer experiments were conducted within an imposed constant flowing shallow groundwater. A constant-head, single injection well technique was adapted for this study using multilevel soil water samplers placed at 14 locations around the center injection well. The use of Br as a tracer for NO3-N in these constant-flow experiments provided the means to assess in situ NOa-N removal both with and without added C. In experiments without added C, an average NOa removal rate of 0.33 g N m -2 d-1 was estimated. In a second experiment with dextrose added as an added C source, an average NOa loss rate 1.06 g N m -2 d -1 was observed. The observed response to added dextrose indicates that the N removal processes were primarily microbial in origin, i.e., the NO3 was denitrifled or immobilized into microbial biomass.
I
'NTERMITTENTLY and permanently saturated soil sys-.tems can have a great impact on the fate of agrochemicals that are present or are imported from agricultural lands. Riparian areas are typically considered to be permanently saturated to shallow soil depths. Such riparian ecosystems are often considered effective at reducing the mass of nutrients entering streams by subsurface and surface discharges (Gilliam, 1994; Hanson et al., 1994; Jacobs and Gilliam, 1985; Lowrance et al., 1984; Peterjohn and Correll, 1984) . Large decreases in NO3 concentrations in riparian areas have been observed; e.g., a NO3-N concentration drop from 8 mg L -1 near a field-riparian edge to <1 mg L -1 30 m into a riparian forest (Jordan et al., 1993) . The mechanism for the NO3 removal is commonly attributed to plant uptake and denitrification (Gilliam, 1994) . One of the complications in assessing the mechanism of loss is that the apparent NO3 lOSS may simply result from dilution by up-welling of deeper low NO3-N groundwater, or by infiltration of rainfall and surface water runoff. Another uncertainty associated with assessing the fate of NO3 in riparian areas comes from unknown hydrologic flow paths as illustrated in an extensive study of groundwater from J.L. Start, A. Sadeghi, and J.J. Meisinger, USDA-ARS, Natural Resources Inst., Environmental Chemistry Lab., Beltsville, MD 20705; and T.B. Parkin, USDA-ARS, National Soil Tilth Lab., 2150 Pammel Dr., Ames, IA 50011. Trade names are used in this publication to provide specific information, and do not constitute a guarantee or warranty of the product or equipment by the USDA, nor an endorsement over other similar products. Received 10 Apr. 1995. *Corresponding author (jstarr@asrr. ars.usda.gov).
Published in J. Environ. Qual. 25:917-923 (1996) . well transects across the Delmarva Peninsula (Hamilton et al., 1993) . They showed that the NOa-N concentration in the surficial aquifer, 5-to 20-m depths, were an order of magnitude greater beneath crop land (13-21 mg L-~) compared with those measured at 1-to 3-m depths beneath an adjacent riparian forest (0.9 mg L-1). However, analyses of the aquifer flow path from the field to the stream indicated that the major contributing flow lines were 5 to 15 m below the water table of the riparian area, reemerging at concentrations similar to those in the field (= 9 mg L-~) in the stream bed rather than the shallow groundwater of the riparian area.
The impact of intermittently saturated soil areas on the fate of agrochemicals has received little attention. Such areas vary seasonally and may include low spots and poor to moderately poorly drained soils within cropped fields, and adjacent to seasonally active streams. Groundwater recharge typically occurs in the fall to spring period in this climatic region. Under these soil and terrain conditions a phreatic layer commonly develops during and following these recharge events.
The fate of NO3-N in shallow groundwater is commonly estimated indirectly from changes in saturated zone concentrations along transects from fields to streams (Jordan et al., 1993) and from undisturbed soil cores under laboratory conditions (Groffman et al., 1991) . addition to the problems with the methods described above, they are not well suited to intermittently saturated soil environments. The objective of this research was to assess in situ the movement and loss of NO3 in shallow, laterally flowing groundwater using a forced-gradient cluster well technique that could be used in either intermittent or permanently saturated soils. In this study, we induced saturated conditions to simulate intermittent saturated conditions that can occur during groundwater recharge periods.
MATERIALS AND METHODS

Site Conditions
This study was conducted on a Beltsville fine sandy loam soil (fine-loamy, mixed, mesic Typic Fragiudults) at the Beltsville Agricultural Research Center, Beltsville, MD. The Beltsville series consists of moderately well-drained soils that have a compact fragipan in the lower subsoil. The experimental site was positioned on a 5 % slope near the bottom of long-term grass vegetation, and adjacent to a forested, intermittent stream.
Field saturated hydraulic conductivities (Kfs) were measured at approximately ~he middle of each soil horizon (15-, 40-, 70-, and 100-cm depths) with a constant head well permeameter (Reynolds and Elrick, 1985) at 16 locations across the larger experimental area ( = 0.8 ha). Based on these results the specific site was identified for the cluster well experiments.
Three 4.1-cm diameter soil cores were taken to a depth of 1 m, at radial distance of = 1.5 m around the center of the experimental site for texture, bulk density, total C and N, and pH. Soil particle-size was determined by the hydrometer method. The clay content of the soil profile increased from 8.5% in the surface 15 cm to =40% starting at the 65-cm depth (Table 1) , resulting in a shift of USDA textural classification from sandy loam to clay loam between the 25-and 65-cm soil depths. The clay loam soil horizon also contained = 50% gray mottling, indicating that the subsoil was anaerobic for substantial periods of time each year. Coincident with the increase in clay content with soil depth, the field-saturated hydraulic conductivity (Kfs) decreased by an order of magnitude between the 20-and 70-cm depths (44-3.4 cm d-~) and another order of magnitude from 70-to 110-cm depths (3.4-0.14 cm d -~) ( Table 1 ). This magnitude of change in Kfs with depth made it possible to create a temporary lateral flow condition above the confining layer as would occur under intermittent wetland/riparian conditions. The Kfs coefficient of variations ranged from 74 to 186 %, which were consistent with previous measurements of soil hydraulic conductivities (Warrick and Nielsen, 1980) .
The pH, measured in 1:1 soil/water slurry (pH,~), was nearly constant (= 6.3) in the upper 65 cm of soil, then dropped with the higher clay content to 5.1 to 5.4 (Table 1) . Total N and C in the soil profile, also shown in Table 1 , was determined by combustion in a Leco CNS-2000 Analyzer (Leco Corp., St. Joseph, MI). The ratio of total C to total N in the soil for the sandy loam surface horizon (Ap) of 10.8 to 11.9, indicates a stable soil organic matter, characteristic of surface soils (Young and Aldag, 1982) . The drop in C/N ratio with increasing soil depth is commonly observed (Stevenson, 1959; Young and Aldag, 1982) , and indicates that as the organic matter is depleted with depth, a larger fraction of the total N is fixed as NH~ in clay minerals.
Oxygen content was not measured, nor eliminated from the input solutions in these experiments. Although this may have resulted in less denitrification it seems reasonable, in highly active saturated soil systems, that O2 levels would drop quickly as the aerated water entered the soil. Further, labeled N2 from denitrification has been measured in soil systems with O2 concentrations >10 pg cm -3 soil (Starr et al., 1974) , indicating that within quasi aerobic soil systems highly anoxic conditions can occur. 
Field Instrumentation
The spatial distribution of field instrumentation is shown in Fig. 1 , with piezometers (A-H), multilevel samplers (open circles 1-14), and tensiometers (solid circles I-9). Harvey and George (1988) used a similar experimental design to study movement of microorganisms in saturated sand. At the center of the cluster well area a 10-cm o.d. by 1.2 m PVC well-screen tube, with 0.254-mm slots spaced 3.4 mm apart running the length of the tube, was placed in an auger hole., (15 cm diam. by 1 m deep). Pea-gravel was then backfilled around the tube. Eight piezometers (5 cm i.d.) were placed around the center injection well at a radius of 1.8 m using 5.0 cm o.d. well-screen tubes installed to a depth of 90 cm. Pressure transducers were placed in these piezometers and connected to a Campbell Scientific CR21X data logger (Campbell Scientific, Logan, UT) for real time water table measurement. The first cluster well arrangement consisted of eight multilevel samplers placed around the center well at a radius of 1.46 + 0.07 m and to a depth of about 90 cm.
The phreatic surface created during an initial flow experiment revealed asymmetrical flow in the down slope direction away from the center well, as indicated by the water table contour lines in Fig. 1 . To better characterize the solute movement in the apparent primary flow direction, six additional multilevel samplers were installed (open circles 5, 6, 7, 9, 10, and 11) plus nine tensiometers (solid circles 1-9). tensiometers, inserted to a depth just above the confining layer, provided an additional measure of the shape and depth of the water table. The water table contours in Fig. 1 were drawn with the aid of SURFER (from Golden Software, Golden, CO) using the water table data from the eight piezometers and the nine tensiometers.
The design of the multilevel samplers approximated that of Pickens and Grisak (1979) . These samplers were made by: (i) drilling ° angle holes th rough 2.5 cmo.d. PVC pipes on 10-cm increments; (ii) pushing nylon tubing off at the sampling port and gluing it in place; (iv) wrapping stainless steel screens around the pipe at each hole; and (v) taping the edges of the steel screen to the PVC pipe with electrical tape. Each multilevel sampling tube was placed into a 5 cm diam. hole to provide sampling depths of 0.2 to 0.6 m relative to the soil surface at the center well. A soil-water sampling zone was created at each port by packing sand around each tube from 3 cm below to 3 cm above each port. To prevent water from moving along the tubes, a 4-cm layer of sand-bentonite mix (1:2) was packed between the sampling ports as well as from 3 cm above the top sampling port to the soil surface. A vacuum manifold hookup between the multilevel samplers and sampling vials provided the means to simultaneously collect samples from all 84 sample locations (14 multilevel samplers by six depths). Solution samples were obtained under vacuum of 10 to 15 kPa. The time required to obtain solution samples varied from 2 to 20 min, depending on sample location. The setup allowed for manually turning the vacuum on or off to individual multilevel sampler positions as the sample vials filled. A cross-section schematic of the instrumented site from the up slope piezometer A to the down slope piezometer E (see Fig. 1 ) is shown in Fig. 2 . This figure shows that the multilevel samplers (which were placed at a constant depth relative to the center well) were at variable depths in the soil horizons, depending on their position around the center well.
Flow Experiments
Nine days before the first experiment, the water table at the center well was raised from 44 cm to 10 cm below the soil surface. The water level at the center well was controlled by means of a float-valve connected to a gravity-flow line from two nearby 500-L storage tanks. No bactericides or fungicides were added to the storage tank solutions due to possible deleterious affects on soil microorganisms. Two tracer-pulse experiments were conducted within the previously established constant flow conditions. The tracer pulses lasted 1. to the center well through tygon tubing. Pressure transducers were placed in each tank and connected to the data logger to calculate outflow rates from the tanks. Tracer pulses for each experiment were initiated after establishing quasi constant flow conditions with the carrier water, as determined from 9 d of recorded inflow rates and depths to the water table measured at the piezometer and tensiometer positions. Chemistry of the carrier and tracer-pulse solutions is shown in Table 2 . Calcium was added to all injected water to avoid dispersion of soil aggregates. The amount of added CaSO4 was adjusted for the nontracer and tracer solutions to maintain = 1.6 mM Ca. The tracer pulse in Exp. 1 (3.09 mM NOB-N and 1.03 mM Br) was injected into the center well on 8 Apr. 1992. A similar tracer pulse was repeated in Exp. 2, starting on 2 June 1992, but with the addition of 4.17 mM dextrose-C, giving a C/N ratio of = 3:2 to the injection solution. For each experiment, about 15 sets of soil water samples were collected over a 9-d period using the vacuum manifold system. Samples were either analyzed immediately for Br, and NOB-N on a Dionex 2000i/SP ion chromatograph (Dionex Corp., Sunnyvale, CA), or stored at =4°C and analyzed within 10 d.
Bromide was used as a nonreactive tracer for NO3-N movement in soil water, because NOB and Br have similar transport characteristics (Everts et al., 1989) . Conservation of NOB-N mass was assessed from decreases in the relative concentrations of injected NOB/Br.
RESULTS AND DISCUSSION
Soil-water sample volumes collected at each sample position varied with location and depth. On average, only six of the 14 samples at the 20-cm depth had adequate volumes (>_ 1 mL) for analysis. This result not surprising since many of these samplers were located just above the water table (Fig. 2) . In contrast, the average sample volumes collected from all 14 multilevel samplers at the 30-and 40-cm depths were sufficient for analysis. At increasing depths below 40-cm, there were increasingly fewer samples with sufficient volume for analysis, apparently due to lower Kfs at these depths.
Bromide Transport
Radial transport of Br is shown schematically in Fig.  3 for peak concentrations at the 40-cm depth and time to peak contours. The asymmetric hydraulic gradients shown in Fig. 1 are reflected in the contours of Exp. 1, but had quite different patterns of movement in Exp. 2 ( Fig. 3A and 3B ). In Exp. 1 the time to peak (at 1.5 m) toward sampling positions 4 to 12 was less than or equal to half that in other directions (Fig. 3A) . The pattern of flow in Exp. 2 was similar to Exp. 1 in that the dominant transport was toward multilevel samplers 4 to 12. The most striking difference of Exp. 2, compared with Exp. 1, was the increased rate of flow toward multilevel sampler 1 (MS1) with concomitant greater peak concentrations (shown below), and the comparatively smaller transport to multilevel samplers 2, 3, 13, and 14. Although the injection flux for Exp. 1 was = 20% greater than Exp. 2 (7.72 L -1 vs. 6 .18 L h-l), th time to the peak of the BTCs to multilevel samplers 4 to 12 was not slower in Exp. 2, and the time to multilevel sampler 1 was about two times faster than Exp. 1. This suggests that the primary (large-pore?) flow paths had changed between the two experiments. Characteristic BTCs from the five sampling depths at multilevel sampler positions MS10 (0.7 m downslope from the injection well), MS9 (1.4 m downslope), MS1 (1.4 m upslope) are shown in Fig. 4 . Due to the 5 % slope in the landscape, the samplers placed at constant relative depths were actually positioned at different absolute depths in the soil profile (Fig. 1, 2) . Some of the BTC variability at given depths in Fig. 4 may result from sampling different soil horizons, with different hydraulic characteristics and saturated water contents. For example, from the water table contours in Fig. 1 , it appears that the 30-cm sampling depth at MS9 was located in the capillary fringe of the water table, which resulted in a delayed Br BTC at this position with its lower K(0) (Fig. 4b) . However, both the 20-and 30-cm sampling depths for MS10 are within the same highly conducting soil horizon (Fig. 1, Table 1 ), and the Br pulse moved freely at this depth-position in both experiments. The greatest affects of depth on radial flow seem to be related either to the shallowest samplers, being affected by the capillary fringe (as noted for MS9) at the smallest depths and decreasing conductivity at greater soil depths (Table  1) . This latter affect is evident from the delay of the BTC peak with increasing depth with MS10 in both Exp. 1 and 2. Changes in peak flow rates to the different sampling positions for the two experiments (Fig. 3) also gave rise to changes in the shape and peak concentrations of the BTCs. Thus, more rapid flow to MS1 in Exp. 2 resulted in a more abrupt BTC with twice the peak concentrations, e.g., Fig. 3, 4c , and 4f. The BTCs from all locations and depths showed various degrees of asymmetry, often by an abrupt increase in concentration followed by tailing of the BTC (e.g., Fig. 4b ). These effects on the shape of the BTC are indicative of preferential flow (Jury et al., 1991; Roseberg et al., 1991) . Some of the location effects result from differences in actual vs. relative sampling depths, as well as to spatial hydraulic heterogeneities at constant absolute depths (Table 1) . Clearly the subsurface flow characteristics of this phreatic layer changed between the times of the two experiments. Two of the factors that may have contributed to this change are: (i) partial blocking of the soil pores at the soil-pea gravel interface by fungal hyphae and fine root growth during the relative dry and warm interval between the two experiments; and (ii) plant-induced formation and stabilization of soil aggregates and macropores as a result of increased root growth and plant transpiration in response to the longerwarmer days in Exp. 2 (2 June vs. 8 April).
Experiment t
Nitrate Recovery
Relative recoveries of Br and NO3 were used to calculate NO3 loss. This was done by separately integrating the areas under the Br/Bro curve and the N/No curve. Integrations were performed (using the trapezoid rule) from the time the injection pulse was started to the end of the NO3-N BTC. A NO3 recovery factor (NRF) was calculated by expressing the cumulative relative recoveries of NO3 and Br as a ratio. Areal N loss for the 20-to 60-cm depth increment was calculated from porosity estimates obtained from the bulk density data with the assumption that the soil was water-saturated below depths of 20 cm. For each sample well, rates at each depth were summed over the 20-to 60-cm depth increment. A spatial pattern of the resultant N loss at the study area is shown in Fig. 6 by the underscored numbers in sampling sections associated with each sample well location. In Exp. 1, N loss rates ranged from 7 to 42 mM N m -2 d -~, with the highest rates generally in the north and easterly directions (Fig.  6A) . A total area weighted average N loss rate was calculated to be 24 mM N m -2 d -1 . Precise mechanisms responsible for N loss are not known, but include denitrification, immobilization of N in microbial biomass, and plant uptake.
Addition of dextrose in Exp. 2 increased N loss rates by 2-to 10-fold (Fig. 6B) . Highest rates were still observed in the easterly direction, where N loss rates exceeded 100 mM N m -2 d -~ in five sampling areas. The weighted average N loss rate for the area was 76 mM N m -2 d -~, approximately three times greater than the N loss rate in the absence of dextrose. The increased N loss in response to added dextrose indicate that microbial activity (either immobilization or denitrification) may a significant mechanism for N removal. It is recognized that additional experiments are needed to define the precise contributions of these transformations to observed N loss. However, we speculate that the primary loss mechanism is denitrification, rather than increased immobilization of NO3 in response to added dextrose. Support for this view comes from in situ assessment of denitrification in a shallow groundwater system performed by Starr and Gillham (1989) . In their study, where denitrification was measured using in situ microcosms amended with acetylene, a nearly 1:1 relationship was observed between NO3-N loss and N~O-N production in the presence of added glucose. Such a relationship would not be expected if immobilization of NO3 were the primary N loss mechanism.
Shallow groundwater or phreatic water systems with influxes of high NO3 water may often be much lower than the optimal organic C concentration required for rapid denitrification, similar to our Exp. 1. Addition of C substrates to denitrify the maximal amounts of NO3-N in a specified distance may be warranted under some conditions. A simpler management and less costly way to minimize NO3-N contamination, however, may be to increase the flow-through distance of the high NO3-N zone to expose the solution to more in situ C.
The observed in situ rates of N loss were at the high end of those reported for denitrification in the literature. Unlike other methods, the in situ methods used in these experiments reflect the actual and maximal rates that occurred under local environmental conditions, without making assumption regarding hydrologic flow paths, etc. In situ denitrification rates reported by Starr and Gillham (1989) are in the range of rates observed in our study. These investigators reported an average denitrification rate of 0.04 mM N L~' d~' in the absence of glucose and a rapid initial denitrification rate of 0.24 mA/N L~' d~' when glucose was added. Our rates were slightly higher than those of Starr and Gillham (our Exp. 1 average denitrification rate = 0.093 mA/ N L~' d~': Exp. 2 average denitrification rate = 0.261 mA/N L~' d~'); however, in our study the water table was approximately 20 cm below the soil surface, whereas the water table of the aquifer studied by Starr and Gillham (1989) was present at 1 m.
CONCLUSIONS
A forced-gradient cluster-well technique was successfully used to assess in situ movement and losses of NOa in shallow, laterally flowing groundwater. The cluster well technique is particularly useful for those locations where high NOs water reemerges in, or moves laterally with, intermittent or permanent shallow groundwater. In situ studies by definition give results for very specific conditions. Final assessment of the fate of NO 3 -N in any given shallow groundwater system also requires information on soil hydraulic characteristics, flowthrough width of these areas, as well as biological and seasonal effects. The following general conclusions may be drawn from our study.
The use of a conservative tracer, such as Br, along with NOs-N in these tracer studies made it possible to map lateral flow paths of shallow groundwater and to monitor in situ transformations, following a pulse-flow input from a center well within constant flow shallow groundwater.
Our results suggest that N loss rates under in situ levels of C substrate were about one-third those under the near optimal C/N (enriched C) conditions. Once a site is instrumented for natural-or forced-gradient studies, the experiment can be repeated as often as necessary to characterize the fate of NOs-N in shallow groundwater throughout the year. By coupling knowledge of how the N loss potential changes through the year under saturated conditions of riparian or intermittent wetland areas, with knowledge of hydrologic flow paths, etc., land managers can more accurately limit the contamination of surface waters from excess NOs from agricultural lands.
